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Two real-time PCR assays targeting the small-subunit (SSU) ribosomal DNA (rDNA) were designed to
assess the proportional biomass of diatoms and dinoflagellates in marine coastal water. The reverse primer for
the diatom assay was designed to be class specific, and the dinoflagellate-specific reverse primer was obtained
from the literature. For both targets, we used universal eukaryotic SSU rDNA forward primers. Specificity was
confirmed by using a BLAST search and by amplification of cultures of various phytoplankton taxa. Reaction
conditions were optimized for each primer set with linearized plasmids from cloned SSU rDNA fragments. The
number of SSU rDNA copies per cell was estimated for six species of diatoms and nine species of dinoflagel-
lates; these were significantly correlated to the biovolumes of the cells. Nineteen field samples were collected
along the Swedish west coast and subjected to the two real-time PCR assays. The linear regression of the
proportion of SSU rDNA copies of dinoflagellate and diatom origin versus the proportion of dinoflagellate and
diatom biovolumes or biomass per liter was significant. For diatoms, linear regression of the number of SSU
rDNA copies versus biovolume or biomass per liter was significant, but no such significant correlation was
detected in the field samples for dinoflagellates. The method described will be useful for estimating the
proportion of dinoflagellate versus diatom biovolume or biomass and the absolute diatom biovolume or

biomass in various aquatic disciplines.

Several diverse taxa are represented in the phytoplankton
communities of coastal marine environments. These contrib-
ute to primary production and form the base of the marine
food chain. Annual variation in primary production is caused
by external factors such as nutrient access, light, and temper-
ature (18). Seasonal patterns—including changes in phyto-
plankton diversity, community composition, and biovolumes—
also affect the magnitude of primary production. Additionally,
short-term fluctuations within the phytoplankton community
are common and are due to the dynamics of local hydrographic
conditions (1), zooplankton grazing (48), and exchange be-
tween sediment and the water column (6, 27). Thus, the struc-
ture of the phytoplankton community is influenced by several
biotic and abiotic factors, and the taxonomic composition will,
in turn, affect other functions of the marine ecosystem.

Two of the most prominent and important phytoplankton
classes in coastal marine waters and freshwater bodies are
diatoms, Bacillariophyceae, and dinoflagellates, Dinophyceae.
The taxonomic class Bacillariophyceae comprises approxi-
mately 100,000 extant species; planktonic species are predom-
inantly autotrophic, and cell sizes range from 2 pm to 5 mm
(37). The number of dinoflagellate species in the marine phy-
toplankton is approximately 2,000, of which 50% are hetero-
trophic and the rest are auto- or mixotrophic. Their cell sizes
range from 2 um to 2 mm (45). The variability within these
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classes is vast in many respects, but genetic, physiologic, and
morphological features are common to all of the species of the
respective classes.

Ecological and environmental studies often rely on accurate
estimation of the density of a particular phytoplankton class or
the ratios between the different taxonomic classes. For instance,
dinoflagellates are suggested to promote the survival and dis-
persal of pathogenic marine bacteria by releasing bioavailable
dissolved organic substances (9); conversely, many diatom genera
are known to have an adverse effect on the growth of the same
bacteria (33). Zooplankton feeding behavior is known to be mod-
ified according to the type of prey available (5). Diatoms are the
favored prey for copepods and are rich in polyunsaturated fatty
acids, which in turn is correlated with high egg production rates
(32), but the proportional egg hatching success is frequently lower
with a diatom-based diet. Dinoflagellates, on the other hand, are
ingested at a much lower rate and consequently the egg produc-
tion rate is decreased, but in compensation, there is increased egg
hatching success (5). Shellfish which have become noxious due to
the ingestion of toxin-producing microalgae exhibit faster biode-
puration if they feed on diatoms rather than on nontoxic
dinoflagellates (21); this is particularly important for the aquac-
ulture industry. Diatoms and dinoflagellates succeed one another
along hydrographic gradients, such that centric diatoms are gen-
erally more abundant at low sea surface temperatures (SST) and
high NO;™ concentrations, whereas dinoflagellates are favored by
higher SST and lower NO; ™~ concentrations (19). Thus, a future
increase in global SST would probably disadvantage diatoms as a
class (15).

Consequently, various aquatic disciplines have an interest in
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quickly and accurately assessing the biomass of members of
these classes at different spatial and temporal scales. Normally,
this type of monitoring involves microscopic examination of
phytoplankton samples. In many studies, data on cell abun-
dances are inadequate due to the large size differences within
the phytoplankton classes (29, 42). By recording cell sizes, cell
abundances can be transformed into the much more appropri-
ate biomass. This is time-consuming and requires considerable
taxonomic experience, first because the identification is based
on subtle distinctions between minute morphological charac-
teristics and second because the width, length, and height of
several individual cells of each species have to be measured.
An adequate method for rapid and specific quantification
would therefore be of great interest. Currently, there are, as far
as we are aware, no available molecular techniques to quantify
the total abundance of diatoms. Class-specific primers target-
ing the small-subunit (SSU) ribosomal DNA (rDNA) and their
application in a conventional PCR assay have been developed
for dinoflagellates (22), but there is no molecular-level method
to quantify the total abundance of dinoflagellates in natural
field samples. We have chosen to develop real-time PCR proto-
cols to assess the proportional biomass of diatoms and dinoflagel-
lates in field samples. Real-time PCR is advantageous because of
its linearity and sensitivity and the speed with which a large num-
ber of samples can be processed. Real-time PCR protocols are
currently available for other phytoplankton classes, i.e., for Chlo-
rophyta (50) and Haptophyta (17). In addition, the numbers of
protocols targeting individual dinoflagellate species (e.g., see ref-
erences 4, 11, 25, and 31) or diatom species (7) and their appli-
cation in environmental microbiology are rapidly expanding.

In this paper, we describe two new primer sets to be used in
real-time PCR assays for the quantification of diatoms and
dinoflagellates from marine field samples. The primers were
initially tested on cultures, and the number of rDNA copies per
cell was estimated for several species of each algal class. Fi-
nally, the two protocols were applied to numerous samples
from the field. We selected the months of May and June for the
collection of samples from the Swedish west coast. During
these months, the succession of phytoplankton taxa is tempo-
rally and spatially dynamic and the proportion of dinoflagel-
lates and diatoms may fluctuate rapidly (24). Thus, this suite of
field samples permitted us to maximize our examination of the
power of the tests for specificity and accuracy.

MATERIALS AND METHODS

Cultures. Several cultures were chosen for use in the various stages of our
work, i.e., to test primer specificity, to serve as templates for the optimization of
the real-time PCRs, and to estimate the number of rDNA copies per cell (Table
1). The majority of the strains are maintained at the University of Gothenburg
Marine Algal Culture Collection (GUMACC) (www.marecol.gu.se/gumacc
.html). Aliquots of algal strains in the early exponential growth phase were
preserved in Lugol’s iodine (45). These cells were settled into 10-ml sedimenta-
tion chambers overnight (47) or onto Sedgewick Rafter chambers (26), and
abundances (numbers of cells per milliliter) were estimated by counting a min-
imum of 300 cells in an inverted microscope at X400 or X1,000 resolution. The
enumeration technique was chosen according to cell size and the density of the
culture. The lengths and widths of 10 random individual cells from different cell
chains, if applicable, in each culture were measured. Biovolumes were calculated
according to Sun and Liu (43). Simultaneously, algal cells were harvested from 20
ml of each of the cultures for DNA extraction by mild centrifugation (5,000 X g)
for 5 min. Pellets were resuspended in 420 pl Milli-Q water and transferred to
Microfuge tubes. Cells were lysed, and DNA was extracted by phenol-chloroform
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TABLE 1. Algal strains used in this study

No. of
Species Class GUMACC Source”
strains
Target species
Lingulodinium polyedrum  Dinophyceae 112 CCMP1738
Heterocapsa triquetra Dinophyceae 71 KACS86
Scrippsiella trochoidea Dinophyceae 110 CCMP1331
Protoceratium reticulatum ~ Dinophyceae 109 CCMP1889
Prorocentrum micans Dinophyceae 35 CCMP1589
Pentapharsodinium Dinophyceae 87 K-0499
faeroense
Prorocentrum lima Dinophyceae 72 CCMP685
Gymnodinium Dinophyceae 99 K-0539
chlorophorum
Alexandrium andersonii Dinophyceae 92 JL24
Skeletonema marinoi Bacillariophyceae 143
Ditylum brightwellii Bacillariophyceae 73
Coscinodiscus granii Bacillariophyceae 140 CCAP1013
Cylindrotheca closterium Bacillariophyceae 125 CCMP1554
Phaeodactylum Bacillariophyceae 2 UTEX 642
tricornicum
Extubocellulus spinifer Bacillariophyceae 68
Nontarget species
Anabaena lemmermannii Cyanophyceae KAC16
Aphanizomenon cf. Cyanophyceae KAC15
klebahnii
Nodularia spumigena Cyanophyceae KACI10
Rhodomonas sp. Cryptophyceae 9 CCMP758
Emiliania huxleyii Haptophyceae 47
Prymnesium parvum Haptophyceae 37 KAC16
Heterosigma akashiwo Raphidophyceae 120 K-0541
Fibrocapsa japonica Raphidophyceae 116 K-0542
Dinobryon balticum Crysophyceae CCMP1766
Dictyocha speculum Dictyochophyceae CCMP1381
Aureococcus Pelagophyceae CCMP179%4
anophagefferens
Tetraselmis sp. Prasinophyceae 19 CCMPI05
Dunaliella tertiolecta Chlorophyceae 5

¢ If not originally isolated at GUMACC. CCAP, Culture Collection of Algae
and Protozoa; CCMP, Provasoli-Guillard National Center for Culture of Marine
Phytoplankton; KAC, Kalmar Algal Collection; K, SCCAP Scandinavian Culture
Center for Algae and Protozoa; UTEX, The Culture Collection of Algae, The
University of Texas at Austin; JL, Jacob Larsen, University of Copenhagen.

extraction as described previously (13). After extraction, DNA concentration
(micrograms per milliliter) and purity were measured with a spectrophotometer
(GeneQuant II; Pharmacia Biotech, Buckinghamshire, United Kingdom) or a
NanoDrop spectrophotometer (Thermo Fisher Scientific, Wilmington, DE).

Field samples. Field samples were collected along the Swedish west coast
during May and June 2007 (Table 2). Water samples from Kristineberg Marine
Research Station (KMRS) were collected from the surface (0- to 3-m depth) with
a plastic 1.6-liter Ruttner water bottle. Samples from other locations were col-
lected with a flexible segmented hose (23). The content of the hose was emptied
into a bucket, and the water from 0- to 10-m depths was mixed.

Lugol-fixed samples (23 to 50 ml) (45) were settled in 50-ml sedimentation
chambers (47) overnight, and the phytoplankton community was characterized at
X200 and X400 with a Zeiss Axiovert 135 inverted microscope. One subsample
from each field sample was subjected to microscopic analysis. The number of
cells counted and measured for biovolume estimation was dependent on the
abundance of the target cells per liter of seawater. The minimum number of
target cells counted was 97 in field sample 3, and the maximum was 949 in field
sample 14. Species identification was based on the reports of Thomsen (44),
Throndsen et al. (45), and Tomas (46) and the Checklist of Phytoplankton in the
Skagerrak-Kattegat (available at www.smhi.se). The dimensions of all recorded
dinoflagellate and diatom taxa were measured, and biovolumes were calculated
by using formulae for the geometric shapes closely approximating the taxa (43).
Cellular carbon content was calculated from biovolumes, by class-specific carbon
volume conversion equations (29). From the same samples, known volumes of
seawater (100 to 500 ml) were filtered through a 3-um (diameter, 25 mm)
cellulose membrane filter at low vacuum (100 mm Hg). The filters were loosely
folded and put in Microfuge tubes with 500 pl lysis buffer (13). The tubes were
vortexed and then held at 50°C for 1 h. Subsequently, the tubes were vortexed
and then centrifuged at 4,000 X g for 3 min and the filter was transferred to a new
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TABLE 2. Field samples collected in 2007 and analyzed in this study
Vol of No. of rDNA copies I . - Cellular carbon
Sample Sampling Location filtered (10° liter’])"p No. of cells (10° liter ')  Biovolume (mm? liter ') (g liter1)
no. date seawater
(ml) Diatoms Dinoflagellates Diatoms Dinoflagellates Diatoms Dinoflagellates Diatoms Dinoflagellates

1 8§ May KMRS 100 0.18 (0.08)  1.38(0.03) 36 14 0.009 0.042 0.12 1.32
2 14 May Bokevik 300 1.64 (0.30)  0.33 (0.03) 23 71 0.025 0.103 0.28 2.77
3 14 May KMRS 300 0.49 (0.14)  0.97 (0.16) 25 25 0.018 0.049 0.22 1.52
4 15 May Hakefjord 300 0.88 (0.34)  6.04 (0.66) 67 100 0.032 0.172 0.35 4.23
5 15 May  Stillingson 200 0.10 (0.03)  0.29 (0.04) 19 114 0.007 0.261 0.10 5.94
6 15 May Koljofjord 300 0.03(ND)  0.07 (0.02) 11 84 0.005 0.293 0.07 6.53
7 16 May KMRS 300 0.87 (0.44)  0.77 (0.09) 11 53 0.058 0.203 0.57 4.84
8 22 May KMRS 400 0.21 (0.05)  0.75(0.12) 114 119 0.049 0.124 0.50 3.23
9 24 May KMRS 500 0.31(0.12) 1.28 (0.32) 275 143 0.191 0.529 1.50 10.60
10 30 May KMRS 400 1.92 (0.75)  0.47 (0.07) 117 307 0.268 0.295 1.97 6.56
11 4 June Kosterfjord 400 0.48 (0.08)  0.64 (0.12) 39 32 0.108 0.177 0.94 433
12 4 June  Brofjord 400 0.72 (0.28)  1.46 (0.13) 201 204 0.546 0.163 3.51 4.04
13 5 June Koljofjord 400 0.32(0.12)  1.16 (0.29) 53 143 0.096 0.333 0.86 7.25
14 5 June Danafjord 400 1.42 (0.41)  1.45(0.03) 1,254 59 1.019 0.075 5.82 2.15
15 5 June Havstensfjord 400 0.46 (0.20)  0.60 (0.07) 330 25 0.075 0.251 0.70 5.75
16 5June  Astol 400 0.74 (0.23)  0.69 (0.13) 604 69 1.546 0.092 8.16 2.53
17 11 June KMRS 300 5.02(1.92) 3.24 (0.56) 218 187 3.732 0.848 16.68 15.60
18 19 June KMRS 400 14.75 (1.30)  0.25 (0.02) 801 101 2.378 0.220 11.57 5.17
19 25 June KMRS 400 11.10 (1.66)  0.14 (0.03) 777 106 3.934 0.214 17.41 5.05

“ Values in parentheses are standard deviations. ND, no data.

Microfuge tube with lysis buffer. The procedure was repeated, and thereafter the
filter was discarded. The contents of the two tubes per sample were pooled, and
DNA was extracted as described for the cultures.

Primer development. Approximately 50 SSU rDNA sequences from GenBank
for each target class, Bacillariophyceae or Dinophyceae, were downloaded from
http://www.ncbi.nlm.nih.gov. The downloaded sequences were mainly from
planktonic taxa. The sequences were thereafter grouped by class and aligned in
Sequencher v.4.1.2. (Gene Codes Corporation, Ann Arbor, MI). In aligning the
Bacillariophyceae sequences, we included sequences representing the SSU
rDNA from other, phylogenetically related, Heterokontophyta, i.e., Dictyo-
phyceae, Pelagophyceae, Eustigmatophyceae, Chrysophyceae, Bolidophyceae,
Pinguiophyceae, and Raphidophyceae. From the alignments, locations displaying
minimal intraclass variation but maximal interclass variation were defined. Prim-
ers for the detection of diatoms were designed with Primer3 (39). The potential
primer sites were further tested by computer-based analysis against databases
with BLASTN 2.2.15 (2; all GenBank, EMBL, DDBJ, and PDB sequences) and
Fasta (34; all EMBL sequences).

Primer specificity analysis. Potential primer pairs for the quantification and
identification of Bacillariophyceae and Dinophyceae were tested with cultured
target and nontarget species (Table 1). The annealing temperature was gradually
increased to attain maximum specificity. For the diatom assay, annealing tem-
peratures in the range of 57 to 60°C were tested, and for the dinoflagellate assay,
temperatures in the range of 60 to 65°C were tested. The PCRs were run in a
total volume of 25 wl each, consisting of approximately 50 ng template DNA and
Taq buffer containing 1.5 mM MgCl,, 0.5 uM each primer, 200 wM each deoxy-
ribonucleotide triphosphate, 2.5 U of Tag polymerase (Qiagen, Valencia, CA),
and sterile Milli-Q water. Amplifications were carried out with a thermal cycler
(GeneAmp PCR System 2400; Perkin-Elmer, Wellesley, MA) as follows: ini-
tially, 94°C for 5 min, followed by 30 cycles of denaturation at 94°C for 1 min,
annealing at 57 to 65°C for 1 min, and extension at 72°C for 1 min. After the
cycles, extension was completed at 72°C for 5 min. The PCR products were
loaded onto a 2% agarose gel in 1X Tris-borate-EDTA, and ethidium-bromide-
stained gels were studied under UV transillumination.

Preparation of plasmid standards and optimization of the real-time PCR
assays. The partial SSU rDNA gene from extracted Skeletonema marinoi
(GUMACC 143) DNA was amplified with universal ribosomal gene primers
1055F (10) and 1517R (49) under the same conditions as for the primer speci-
ficity analysis, with the exception of the annealing temperature, which was set to
60°C. The SSU rDNA gene from extracted Prorocentrum lima (GUMACC 72)
DNA was amplified with eukaryotic SSU rDNA-specific primers (28). The same
PCR conditions as for the primer specificity analysis were applied, but the
annealing temperature was set to 50°C and the number of cycles was extended to
35. The PCR products were loaded onto a 0.8% agarose ethidium bromide-
stained gel in 1X Tris-borate-EDTA, and the success of the reaction was con-

firmed after UV transillumination. The amplified diatom and dinoflagellate SSU
rDNA fragments were cloned into TOPO vectors and transformed into compe-
tent Escherichia coli by following the protocol of the TA cloning system (Invitro-
gen). Plasmids were extracted with a Qiagen Plasmid Purification kit by following
the protocol of the manufacturer (Qiagen). Linearized plasmids were produced
after digestion with BamHI (New England BioLabs). The concentrations of the
linearized plasmids were measured spectrophotometrically. The number of cop-
ies in the diatom and dinoflagellate plasmid standards was calculated by using a
formula provided by Zhu et al. (50).

Reaction conditions for the real-time PCR assays were optimized for the two
primer sets by using the plasmid standards as the template. In order to obtain the
highest amplification efficiency of the real-time PCR assays, different primer
concentrations were tested in the range 200 to 900 nM.

Real-time PCR analysis of monoclonal cultures. Real-time PCR assays were
performed on 15 monoclonal cultures (six diatom strains, nine dinoflagellate
strains) in order to estimate the number of rDNA copies per cell and the
relationship between biovolume and gene copy number. To quantify the number
of plasmid-rDNA fragment equivalents in the DNA extracts from the cultures,
the plasmid standards were serially diluted in five 10-fold dilutions. Extracted
DNA (17.5 to 186.7 ng pl™') from cultures with known densities of cells was
diluted with sterile Milli-Q water in order to encompass the large density vari-
ation between cultures and to minimize PCR inhibition due to remaining cul-
turing medium, cellular contents, or lysis detergents (5 X 1072, 1073, 5 x 1073,
10745 X 104, and 10~ for diatom strains and 1072,5 X 1072, 1073,5 X 1073,
1074, 5 x 1074 and 107> for dinoflagellate strains). A minimum of three
dilutions were used to calculate the number of rDNA copies per microliter of
DNA extract. The final reaction mixture volume for all samples was 25 pl, and
it contained 12.5 wl Sybr green PCR master mix (2X; Applied Biosystems,
Warrington, United Kingdom), 1 pl of DNA extract, 300 nM each primer in the
diatom assay, and 400 nM each primer in the dinoflagellate assay. A reaction
mixture of PCR master mix and primers (24 pl) was loaded in triplicate into wells
(white, 96-well, Thermo-Fast detection plate; ABgene), followed by the diluted
DNA extracts (1 wl). Sterile Milli-Q water was used in three reaction mixtures as
nontemplate controls. The plate was closed with QPCR optically clear adhesive
seals (ABgene) and centrifuged for 2 min at 3,000 rpm to remove bubbles.
Reactions were performed in an Applied Biosystems 7300 Real-Time PCR
System cycler with separate programs for the two phytoplankton assays. The
diatom assay started with an initial soaking step at 50°C for 2 min and activation
of AmpliTaq Gold DNA Polymerase (from the Sybr green PCR master mix) at
95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s and
annealing and extension at 60°C for 1 min. To observe the melting curve, a final
dissociation cycle (preprogrammed in the 7300 sequence detection system soft-
ware from Applied Biosystems) was added (95°C for 15 s, 60°C for 30 s, and 95°C
for 15 s). For the dinoflagellate assay, the soaking, activation, and dissociation
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steps were the same as those described above for the diatoms but differed in the
40 cycles as follows: denaturation at 95°C for 15 s, annealing and extension at
65°C for 30 s, and finally a melting step at 76°C for 45 s to reduce disturbance due
to primer-dimers. Data from the real-time PCR assays were analyzed with the
7300 sequence detection system software from Applied Biosystems.

Real-time PCR analysis of field samples. For each field sample, two separate
real-time PCR assays were performed to estimate proportions between diatoms
and dinoflagellates; these assays used the class-specific primers and plasmid
standards containing the class-specific gene fragments. Five dilutions of the DNA
extracts from the field samples (39 to 236 ng pl~') were prepared for each
diatom assay (1072, 5 X 1072, 1073, 5 X 1073, and 10™%), and six were prepared
for each dinoflagellate assay (5 X 107!, 1072 5 x 1072, 1073, 5 x 1073, and
10™*). The real-time PCR assays were performed as described above to estimate
the ratio between the two phytoplankton classes on the basis of the number of
gene copies per liter of the original water sample.

Reproducibility of the analysis of the ratio of the target molecules in the field
samples was estimated by filtering the same volume of seawater twice from two
different field samples and thereafter extracting DNA in duplicate from each
sample as described above. Subsequently, the two separate real-time PCR assays
targeting diatoms and dinoflagellates were performed on each DNA extract. The
reproducibility of the DNA extractions and the real-time PCR estimation of the
ratio of dinoflagellate to diatom rDNA copies was assessed as follows: the mean
and standard deviation of each replicated ratio (n = 2) was calculated. The
coefficient of variation (CV) was calculated for each sample and reported as a
percentage (1 — CV X 100).

Calculations. To estimate the number of rDNA copies per genome, the plas-
mid standard with a known copy number per microliter was plotted against the
number of rDNA copies per microliter of DNA extract and thereafter divided by
the cell density representing 1 pl of DNA extract. Thus, the regression slope
represented an estimate of the number of SSU rDNA copies per cell for each
cultured strain. The gene copy number per cell was subsequently analyzed
against the length and biovolume of the cells, in turn, to establish a relationship
between cell size and number of gene copies for the different species of cultured
cells.

The proportion of SSU rDNA copies per liter of seawater of the two
phytoplankton classes was analyzed for significant correlations (chi-square
tests and symmetric tests) with the proportion of dinoflagellate and diatom
biovolumes and biomass. Similarly, the number of SSU rDNA copies per liter
seawater was analyzed for a significant correlation with biovolumes, biomass,
and the number of cells per liter of diatoms and dinoflagellates. Significant
cross tabulations were subjected to linear regression analyses. Cross tabulation
tests and linear regression analyses were made in SPSS 11.0.4 for Mac OS X (SPSS
Inc., Chicago, IL).

RESULTS

Primer design and validation. For the diatom assay, we
designed the class-specific reverse primer, but for the
dinoflagellate assay, the specific reverse primer was obtained
from the literature (22). For both targets, we used previously
published eukaryotic ribosomal gene primers as forward prim-
ers. Primer 1209f (diatoms) and primer EUK528f (dinoflagel-
lates) were selected to minimize primer-dimer formation,
complementarity, and melting temperature (7,,) differences
and to obtain proper amplicon sizes for the real-time PCR
assays. Computer-based analysis of primer specificity with
BLASTN 2.2.15 and Fasta indicated that the class-specific
primer designed to target diatoms was highly specific; it dif-
fered from that of other Heterokontophyta (i.e., related taxa)
by at least four base pairs. SSU rDNA fragments from a range
of species (Table 1) were amplified by the specific primers
(Table 3); these amplified fragments were of the expected sizes
(189 bp for diatoms, 110 bp for dinoflagellates). On the other
hand, these primers did not yield any PCR product with the
negative controls, representing a wide range of species that
were at a greater taxonomic distance (Table 1).

Optimization of the real-time PCR assays. Reaction condi-
tions for the real-time PCR assays were optimized for the two
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TABLE 3. Primers used in this study

Target and primer Sequence T, (°C)  Reference
Dinophyceae
EUKS528f 5" CCGCGGTAATTCCA 57 10
GCTC
Dino18SR1 5" GAGCCAGATRCDCA 59 22
CCCA
Bacillariophyceae
1209 5" CAGGTCTGTGATGC 54 12
CCTT
Diatom18SR1 5" CAATGCAGWTTGATG 50  This study
AWCTG

primer sets. The optimal primer concentrations were deter-
mined to be 300 nM for the diatom assay and 400 nM for the
dinoflagellate assay. In the real-time PCR assay that targeted
dinoflagellates, primer-dimer formation was observed and a
final melting step at 76°C for 45 s was included. For both of the
assays, the T, of the amplicon was higher than that for the
primer-dimer by 5°C or more.

The two standard curves consisted of 10-fold serial dilutions
of the plasmid SSU rDNA sequence from Prorocentrum lima
for the dinoflagellate assay and the partial SSU rDNA se-
quence of S. marinoi for the diatom assay (10° to 10> copies for
the dinoflagellate-containing plasmids and 107 to 10° copies for
the diatom-containing plasmids). The plasmid standard curves
showed a significant linear relationship between the threshold
cycle (C;) values and the initial number of plasmid copies
(dinoflagellates, R* = 0.987, standard error [SE] = *0.004,
n = 14; diatoms, R* = 0.989, SE = +0.002, n = 14). The
efficiency of the real-time PCR, which was estimated by the
equation E = 104K’ — 1, where k is the slope of the standard
curve, varied from 65 to 107% for the dinoflagellate assay and
from 73 to 101% for the diatom assays. In order to validate the
results from the field samples and the culture extracts, only
those dilutions that showed the same linear relationship be-
tween Cy values and the initial gene copy number as the
standard curve used in the same real-time PCR run were cho-
sen. Consequently, in each real-time PCR run, at least three or
four dilutions could be used to calculate the number of rDNA
copies, which all were within the range of 9 X 10° to 1 X 10?
for the dinoflagellates and 8 X 10° to 2 X 10 for the diatoms.
For some field samples and culture extracts, the most concen-
trated dilutions showed higher C;-values than expected on the
basis of the standard curves, indicating inhibition of the am-
plification reaction; thus, these dilutions were excluded from
the estimations of the gene copy numbers. Accordingly, some
of the most diluted samples were also excluded since they fell
out of the range of the standard curve.

Real-time PCR of monoclonal cultures. The number of SSU
rDNA molecules per cell ranged from 61 (S. marinoi) to 36,896
(Ditylum brightwelli) for the diatoms and from 1,057 (Penta-
pharsodinium faeroense) to 12,812 (Lingulodinium polyedrum)
for the dinoflagellates. The number of gene copies per cell was
significantly (P < 0.001) correlated with the biovolume of the
cell (Fig. 1).

Field samples and real-time PCR. Field samples were col-
lected from fjords along the Swedish west coast over approxi-



7178 GODHE ET AL.

Coscinodiscus wailesii A
6 -
5= Protoceratium .
reticulatum - -
‘: Prorocentrum Li"g“hjfl,im’”m .
] micans poL}M/ um Ditylum
© ~ bKJ twallii
o =
E 4] Scrippsiella trochoidea =
=3 o g Prorocentrum
g fcnrapharxridlmum P lima
faeroense ~~
= ~~ o )
s} Alexandrium Heterocapsa triquetra
> 3= angersonii
. 9 ,."" Gymnodinium chlorophorum
o =
an Skeletonema marinoi
F A
-~ Cylindrotheca closterium
2= -~
_A'Phaeadaclylum tricornitum
y=-0.61+1.22x
AExmbocellulus spinifer R2:075
1 T T T
2 3 4

log rDNA copies cell™!

FIG. 1. Correlation between SSU rDNA copy number estimated by
real-time PCR and cell biovolume of cultured algal strains. Symbols:
MW, dinoflagellates; A, diatoms.

mately 1.5 months (Table 2). In order to estimate the number
of SSU rDNA copies, all field samples were subjected to two
real-time PCR assays, one for diatoms and one for dinoflagel-
lates. For both targets, the field samples were highly variable
with respect to the number of SSU rDNA copies, cell abun-
dance, biovolume, and cellular carbon per liter of seawater
(Fig. 2A to C and Table 2).

In the early field samples (no. 1 to 7), the phytoplankton
community was dominated by various small heterotrophic
flagellates (e.g., Telonema antarcticum), ciliates, and low to
moderate abundances of small (e.g., Prorocentrum minimum,
Gymnodiniales) or heterotrophic (e.g., Protoperidinium sp.)
dinoflagellates (14 to 114,000 cells liter*, Fig. 2A to C) and
the diatoms encountered were mainly of benthic origin (e.g.,
Paralia sulcata, Pennales). By the end of May (field samples 8
to 10), the number of small heterotrophic flagellates had de-
clined, the phytoplankton community was dominated by
dinoflagellates (up to 300,000 cells liter !, Fig. 2A to C, e.g.,
Ceratium tripos, Dinophysis norvegica, Prorocentrum minimum,
Gymnodiniales, Protoperidinum depressum), and the number of
planktonic diatoms had increased (a maximum of 275,000 cells
liter ', Fig. 2A). In June, the abundance of diatoms further
increased (Fig. 2A to C). The latter two-thirds of June (field
samples 17 to 19) revealed strong increases in the number of
SSU rDNA copies of diatom origin (<15 X 10° copies liter *,
Fig. 2C), total diatom abundances (>800,000 cells liter —*, Fig.
2A), biovolumes (<4 mm?® liter !, Fig. 2B), and cellular car-
bon (11 to 16 mg C liter ', Table 2); these were due to a bloom
of Dactyliosolen fragilissimus and Proboscia alata. Thus, the
proportion of dinoflagellates was relatively high in the first 10
field samples, while the diatoms dominated the later samples
(no. 11 to 19).

The extracted DNA from the field samples was diluted five

APPL. ENVIRON. MICROBIOL.

1400

A

1200

/X Diatoms
—- Dinoflagellates

cells (x 10%) L
> » =
2 8 B

400 A

200

biovolume mm? L

rDNA copies (x 10°) L™

1 23 45 6 7 8 9 10111213 141516 17 18 19
Field sample no.

FIG. 2. (A) Cell abundances (10° liter ') of each target class,
diatoms and dinoflagellates, in field samples collected during May and
June 2007. (B) Biovolumes (cubic millimeters per liter). (C) rDNA
copies (10° liter ™). Error bars represent standard deviations.

times for the diatom assay and six times for the dinoflagellate
assay in order to encompass the large proportional variation
between the two target classes and to minimize PCR inhibi-
tion. The estimation of the number of rDNA copies per mi-
croliter of DNA extract for each target was based on three or
four dilutions, with the exception of field samples 5 and 6
(Table 2). On these two occasions, the diatom abundances
were comparatively low; i.e., cell abundances were 19,333 and
11,013 liter ', biovolumes were 0.007 and 0.005 mm? liter ',
and cellular carbon contents were 0.10 and 0.07 mg liter *,
respectively. Because of this, only the triplicate reactions from
the 10~ 2 dilution of field sample 5 and only one reaction from
the 1072 dilution of field sample 6 could be used for the
estimation of the number of diatom rDNA copies per liter of
seawater. Thus, these two field samples were excluded from
the regressions (ratio of dinoflagellate to diatom rDNA copies
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FIG. 3. Correlation between the ratio of dinoflagellate and diatom
SSU rDNA copies and biovolumes per liter of seawater in field sam-
ples collected along the Swedish west coast. The linear regression was
significant (P < 0.01). y is the ratio of dinoflagellate to diatom biovol-
umes, and x is the ratio of dinoflagellate to diatom SSU rDNA copies
obtained by the two real-time PCR assays.

versus biovolumes and diatom rDNA copies versus biovolumes
or cellular carbon).

The linear regression of the proportion of SSU rDNA copies
of dinoflagellate and diatom origin versus the proportion of
dinoflagellate and diatom biovolumes per liter was significant
(P < 0. 01, Fig. 3). Cellular carbon of the respective class was
based on cell volume estimation and was obtained through
diatom- and dinoflagellate-specific carbon volume conversion
equations. Hence, the linear regression of the proportion of
dinoflagellate and diatom SSU rDNA copies versus the pro-
portion of dinoflagellate and diatom cellular carbon content
per liter was significant (P < 0.01). The relationship obtained
was Ratio of dinoflagellate to diatom C = 2.75 + 1.18x, where
x is the ratio of the numbers of dinoflagellate and diatom SSU
rDNA copies obtained from the two real-time PCR assays
(R? = 0.46). The linear regression of the number of diatom
SSU rDNA copies and diatom biovolumes per liter was signif-
icant (P < 0.001, Fig. 4). Similarly, the linear regression of the
number of diatom SSU rDNA copies and diatom cellular car-
bon content per liter was significant (P < 0.001). The relation-
ship obtained was log diatom C (picograms per liter) =
—1.879 + 0.895x, where x is the log of the number of diatom
rDNA copies per liter (R* = 0.65). No significant correlation
was detected in the field samples between the number of
dinoflagellate SSU rDNA copies and dinoflagellate biovol-
umes or cellular carbon content.

DNA was extracted in duplicate from the same volume of
water from two different field samples (no. 2 and 3, Table 2),
and from each DNA extract, the ratio of dinoflagellate to
diatom SSU rDNA copies was estimated by the real-time
PCR assays. The reproducibility of the DNA extraction and
the real-time PCR assays for the ratio of dinoflagellate to
diatom SSU rDNA copies was 78% (standard deviation, 5.7;
n = 2).
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FIG. 4. Correlation between the number of diatom SSU rDNA
copies and diatom biovolume per liter of seawater in field samples
collected along the Swedish west coast. The linear regression was
significant (P < 0.001). y is the log of the diatom biovolumes (cubic
micrometers), and x is the log of the number of diatom SSU rDNA
copies obtained by the real-time PCR assay.

DISCUSSION

Primer design and specificity. Initially, during the course of
the primer design, genes other than the SSU rRNA were
considered. For instance, the 5.8S rDNA and the rbcL gene,
which codes for the large subunit of the enzyme ribulose-1,5-
bisphosphate carboxylase/oxygenase, were scrutinized. How-
ever, GenBank accessions of SSU rDNA far outnumber the
available accessions for the other two genes, in terms of both
target and nontarget accessions. Thus, the SSU rDNA was
selected because the large number of target and nontarget
accessions in GenBank provided an important source for initial
primer specificity analysis. Because of the difficulty in finding
sites that were both inclusive of target sequences and exclusive
of nontarget sequences, many different combinations of prim-
ers had to be drafted and tested first by computer analysis and
then by PCR on the target and nontarget DNA extracts of the
cultures. The DNA extracts from monospecific cultures used as
negative controls (and evaluated here in the primer specificity
controls) represent only a small fraction of the SSU rDNA
available in the environment. Nevertheless, the primer pair
designed for diatoms was specific; this was revealed by primer
specificity analysis in BLASTN and Fasta, by conventional
PCR, and subsequently by a significant linear relationship be-
tween the number of SSU rDNA copies versus biovolumes and
cellular carbon contents of diatoms from cultures and field
samples. Likewise, the computer-based analysis and the con-
ventional PCR (with DNA extracts from target and nontarget
cultures) indicated high selectivity for the dinoflagellate-tar-
geted primer pair.
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FIG. 5. Correlation between SSU rDNA copy number estimated by real-time PCR and cell length of cultured algal strains from this study and
from that of Zhu et al. (50). Species analyzed in this study are in bold type.

Quantifying the number of rDNA copies in cultured cells.
Previous studies have shown that the number of rDNA copies
is related to genome size in eukaryotes, which in turn is related
to cell size. Among 162 investigated species, the rDNA copy
number varied in the range of 10 to >10 in animals and plants
(35). More specifically, the relationship between rDNA copy
number and cell length has also previously been confirmed for
marine protists (50). We were able to verify this relationship
with our data set, but we could also determine a linear rela-
tionship between the cell copy number and the biovolume,
which is much more ecologically relevant. The number of
rDNA copies in protists is significantly (P < 0.001) correlated
with cell length (Fig. 5). The monoclonal culture of Cylindroth-
eca closterium (Nitzschia closterium) analyzed by Zhu et al. (50)
had an average cell length of 20 wm and 199 rDNA copies per
cell, whereas the monoclonal culture of C. closterium analyzed
by us had an average cell length of 67 pwm and 484 rDNA
copies per cell. The cell size of this species is highly variable
(45). Repeated vegetative division reduces diatom cell size,
and size regeneration is generally thought to involve sexual
reproduction (37). Thus, the culture with the larger cell size
could have been harvested sooner after auxospore formation.
This implies that smaller individual cells would have fewer
gene copies compared to larger clonal counterparts, which
would have yet to be demonstrated. A more plausible expla-

nation would be that size variation, and subsequent variation in
gene copy number, within strains of the same species may
reflect the presence of genetically distinct clones. This is fur-
ther supported by previous records, where genetically differ-
entiated populations of diatoms have been shown to have dif-
ferent cell sizes (40, 41).

Detection limits and reproducibility of the assays. Environ-
mental samples were diluted in two n-fold series, starting with
a 50-fold dilution for the dinoflagellate assay and a 100-fold
dilution for the diatom assay. More concentrated template
DNA unambiguously impeded the real-time PCR. Inhibitory
substances such as humic acids, metals, and polysaccharides
are common in marine field samples (30), and dilution of the
template DNA is a widely used way to circumvent these inhib-
itory effects (e.g., see reference 20). Moreover, the phenol-
chloroform-based extraction protocol we used is known to
effectively lyse and extract DNA from diatoms and dinoflagel-
lates, but it sometimes yields suboptimal purity (OD,q, +
OD,g, = <1.7; A. Godhe et al., unpublished data), as has been
recorded for many other organisms (e.g., see reference 38).
Perhaps a different DNA extraction protocol could permit less
dilution of the samples, and with this, the number of diatom
molecules (as in field samples 5 and 6) might have been con-
fidently calculated. However, extraction protocols may differ
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widely in the yield of DNA obtained and could therefore affect
the reproducibility of the assays.

Field sample 6 displayed a comparatively low number of
dinoflagellate SSU rDNA copies per liter, but still we could use
two dilutions (5 X 10~* and 102, each in triplicate) to esti-
mate the copy number. In field samples 5 and 6, we could base
the calculation of the number of diatom SSU rDNA copies on
only one dilution, which is scientifically undesirable. Hence,
the limit of accurate detection by the real-time PCR assay for
diatoms is approximately 20 cells ml~!, whereas the limit of
detection by the dinoflagellate assay is lower. In comparing the
dinoflagellate result of an unimpeded real-time PCR assay at a
dilution of 5 X 10~" with the diatom result wherein only the
1072 dilution was usable, we propose that the cause of this
disparity was probably the difference in the protocols. The
higher annealing temperature and an additional extra melting
step in the dinoflagellate protocol probably also served to
control impurities accompanying the template DNA.

Real-time PCR allows very precise measurements of target
DNA (3, 11) (Table 2), but the DNA extraction can add a
substantial amount of variation to the total amount of DNA in
a sample and seriously affect the quantification of the target
molecules. Several factors, such as differences in proteinase
activity, the amount of DNA retained in DNA extraction col-
umns, or pipetting errors, can account for this variation. Pri-
marily, the total amount of DNA in the sample is affected,
while the relative amount of DNA of two target groups re-
mains largely unchanged. Hence, the approach used here to
estimate the proportion of two important coastal phytoplank-
ton classes is advantageous not only from an ecological per-
spective but also from a technical point of view. The reproduc-
ibility of the ratio of dinoflagellate to diatom SSU rDNA
copies was satisfying, 78%;, and is comparable to previous stud-
ies (36).

Application of real-time PCR to field samples. In this study
we have demonstrated a significant relationship between the
proportion of rDNA copies and biovolumes of two dominant
classes of phytoplankton in field samples, and, hence, the real-
time PCR-based technique presented here can be used to
quickly asses proportional biomass. Investigations of, e.g., phy-
toplankton grazing relationships, nutrient dynamics and turn-
over, and species- or class-specific contributions to primary
production are commonly based on the labor-intensive activity
of cell abundance and volume determination and subsequent
transformation into biomasses. The weakness of this method is
caused by errors in cell size measurements, which are cubed to
give volumes, and the effect of fixatives, which can cause
shrinking or swelling of cells. The relationships presented in
this study are based on measurements of several Lugol-fixed
individual cells of each species from the field samples col-
lected, and constraints relating to cell measurements and fix-
atives apply to this procedure. Nevertheless, we feel this
method is robust enough and will enable routine proportional
biomass estimations for several pelagic applications, which are
currently not possible.

No significant correlation was observed between the number of
dinoflagellate rDNA copies and biovolumes or cellular carbon in
the field samples, despite the significant linear regression of
rDNA copies and biovolumes per cell for the nine dinoflagellate
cultures. Theoretically, it should be easier to construct and apply
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class-specific primers for dinoflagellates than for diatoms because
the dinoflagellates are phylogenetically more isolated (14). In this
and previous (50) studies to evaluate the correlation between cell
size and numbers of gene copies, the dinoflagellate cultures used
as positive controls were all accustomed to a phototrophic habitat.
In all of our field samples, obligate heterotrophic and mixotrophic
dinoflagellate species were recorded and contributed significantly
to the total recorded dinoflagellate biovolume and biomass. Het-
erotrophic dinoflagellates are nonselective feeders and have a
complex feeding behavior, which also includes cannibalism (16).
In the samples with proportionally high abundances of het-
erotrophic dinoflagellates, the correlation between the
dinoflagellate number of gene copies and dinoflagellate bio-
volume (or biomass) was distorted. We therefore hypothe-
size that the nonlinearity of dinoflagellate gene copy num-
ber and biovolume (or biomass) in the field samples is due
to the feeding behavior of the heterotrophic dinoflagellates.
In these samples, dinoflagellate biovolumes were recorded
by microscopy and the number of SSU rDNA copies from
the dinoflagellate predators was determined by the real-time
PCR assay. But the ingested dinoflagellate prey also con-
tributed additional dinoflagellate SSU rDNA copies that
were detected by the real-time PCR assay. In real-time
PCR-based studies of copepod predation, the prey DNA
was detectable in the guts of the predators for as long as 3 h
(8). It is therefore reasonable to assume that nuclear DNA
ingested by heterotrophic dinoflagellates will be retained
long enough to be recorded by real-time PCR assays before
it is finally digested.

Conclusion. In this study, we have designed and evaluated
two primer sets for quantifying diatoms and dinoflagellates and
their optimized real-time PCR protocols. We have addressed
the significant relationship between cell biovolume and the
number of rDNA copies per cell. Additionally, we have dem-
onstrated the usefulness of this technique for estimating, in
marine coastal field samples, the proportion of dinoflagellate
versus diatom biovolume or biomass and the absolute diatom
biovolume or biomass. This method constitutes a tool for quick
and accurate monitoring the proportion of biovolume and bio-
mass of two important phytoplankton taxa of coastal marine
water.
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